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Introduction to Magnetism and Magnetic Properties
Humankind's awareness and fascination with magnetism date back to many centuries, at least 2600 years. Even the ancients observed that lodestone, a special kind of magnetite that is a natural permanent magnet, attracts iron. This mysterious behavior was pondered in philosophical discussions and writings. The lodestone also served as the basis of the primitive Chinese compass, which was known in Europe and used for navigation only after the year 1200. The compass made possible the great development of navigation in this period and also led to significant scientific discoveries, including observations of the Earth's magnetic poles and declination of its magnetic field. 1 The development of models and theories that allowed the understanding of the magnetism phenomenon occurred much later in the 20 th century, and stimulated the search of alternative protocols for synthesizing novel magnetic materials with tuned properties according to the desired applications.
All materials are magnetic to some extent and have different levels of spontaneous magnetization or response to an applied magnetic field (H) depending mostly on their atomic structure and temperature. Materials like iron, cobalt and nickel can exhibit large spontaneous magnetizations under certain conditions, while most materials display little magnetism, even in the presence of an external applied magnetic field. The magnetization induced in a material by an applied magnetic field is given by M = χH, where χ is the volumetric magnetic susceptibility (dimensionless) and both M and H are expressed in A m −1 . The materials are classified according to the values of χ as paramagnetic (ca. 10 −5 to 10 −2 ) or diamagnetic (ca. −10 −5 ). On the other hand, below a given temperature, termed Neel or Curie, some materials exhibit ordered magnetic states and are magnetic even in the absence of an external magnetic field. These ordered magnetic materials are classified as ferromagnets, ferrimagnets and antiferromagnets.
2, 3 The magnetic susceptibility in ordered magnetic materials is dependent on temperature and H, and such a dependence is easily detected through the shape of M-H magnetization curves at a given temperature. In ferromagnetic and ferrimagnetic materials, an irreversibility in the magnetization process in the presence of a magnetic field results in hysteresis loops in ordinary M-H curves. This is observed in materials comprised of large particles and magnetic domains, separated by domain walls. The hysteresis loops is related to the energy balance due to the domain wall motions between adjacent magnetic domains when temperature and applied magnetic field are changed. This is particularly different when the size of the magnetic particles are comparable with the thickness of the domain walls and occurs in systems composed of small particles, typically < 100 nm. Under this circumstance, the magnetic particles are comprised of single magnetic domains and their magnetic moments can be visualized as just one large magnetic moment. Such a large magnetic moment is free to fluctuate in response to thermal energy, while the individual atomic moments maintain their ordered state relative to each other. This is the so called superparamagnetism, 4 which is characterized by the absence of magnetic coercivity in M-H curves at certain temperatures and magnetic fields. The time required for spin or magnetization reversal, the relaxation time (t), depends on the energy barrier between the spin-up and spin-down states and temperature, according to: t = t 0 exp(DE / k B T), 5 where DE is the energy barrier to moment reversal, and k B T is the thermal energy. In the simplest case of uniaxial anisotropy, a relaxation process in which the magnetization flips around an angle of 180 o , the energy barrier is given by DE = KV, where K is the anisotropy constant and V is the particle volume. Every magnetic material has its own characteristic magnetic anisotropy constant K, but in the case of singledomain particles, K may be considerably different from its volumetric value due to the surface and form anisotropy contributions. At relatively high temperatures, the energy of the large magnetic moments of monodomain nanoparticles may exceed DE and they fluctuate between spin-up and spin-down states, giving rise to the so-called superparamagnetic state. In such a state, coercivity is absent and the M-H curves are similar to those observed in paramagnetic materials but with large magnetic moments. The superparamagnetic behavior can be experimentally accessed by time-dependent techniques, as ac magnetic susceptibility, provided that its measurement time t m >> t, or more appropriately that the flipping of the magnetic moments is faster than the experimental time window. On the other hand, for t >> t m , the system is termed blocked, the flipping of the magnetic moments is slow and quasi-static properties are observed. The blocking temperature T B is defined as the mid-point between these two states, where t = t m .
The technological applications of magnetic properties of materials are innumerous, and include magnetic data storage, transport, separations, sensors, drug delivery systems, diagnosis and therapy. 6, 7 The magnetic properties of magnetic nanoparticles, which are very important to establish the kind of application they are good for, are strongly dependent on their composition, size and shape. 6, 7 Therefore, the search for synthetic protocols in which nanoparticles are prepared with high control on those parameters (composition, size, size distribution, morphology and solubility) is still under debate in the literature in order to tune morphology and magnetic properties to each application. 8 The thermal decomposition of iron complexes (Fe(acac) 3 (acac = acetylacetonate), 9, 10 Fe-oleates, 11, 12 Fe(CO) 5, 13 etc.) leading to the formation of magnetite and other ferrites is so far the most known chemical method to obtain nanoparticles with high control on particle size, size distribution and shape. The traditional approach to prepare colloidal iron oxides, which is based on the aqueous co-precipitation of Fe 2+ and/or Fe 3+ salt(s), 14, 15 does not reach the same control on nanoparticle size as the methods mentioned before, but is still very often used because it is simple, fast and cheap.
Magnetic Separation: from Biotechnology to Catalysis
The intrinsic interaction of magnetic nanoparticles with external applied magnetic field gradients makes these materials attractive for transport and separation of attached entities that can range in size from molecules to nanoparticles. The large differences between the magnetic response to an applied magnetic field of magnetic and non-magnetic (diamagnetic) materials can be exploited in developing highly selective separation methods. Superparamagnetic nanoparticles, described above, essentially behave as non-magnetic materials in the absence of an applied magnetic field. However, they behave as paramagnetic materials in the presence of an applied magnetic field. 6 In fact, these particles behave like superparamagnets due to the contribution of large magnetic moments within the individual monodomain particles. The removal of the applied magnetic field instantaneously reduces the overall net magnetic moment back to zero. Thus, the nanoparticles have no "magnetic memory", and they can be used in successive numbers of separation cycles, as far as their composition, morphology and size are preserved, making these particles highly interesting as vehicles for magnetic separation. There is a critical particle diameter, bellow which the nanoparticles exist as magnetic monodomains, and for typical material it is in the range of 10-800 nm (this superparamagnetic limit diameter is material-specific). 6, 16, 17 Nanoparticles with a diameter larger than this limit become resistant to the thermal demagnetization effects, outlined above, and thus will exhibit an undesirable "magnetic memory" after being exposed to an applied magnetic field, and will remain attached to each other. For magnetic separation, it is important that the magnetic nanoparticles have no "magnetic memory", hence a non-magnetic material or entity attached to the magnetic material in this state can be separated, by applying a remote magnetic field, and then redisperse immediately after ceased the applied field.
Magnetism was first used to separate magnetic from non-magnetic components of a mixture, for example, for the enrichment of low-grade iron ore, removal of ferromagnetic impurities from large volumes of boiler water in both conventional and nuclear power plants, and removal of weakly magnetic colored impurities from kaolin clay. 18 In the 1970s, magnetic separation began to receive a lot of attention in biosciences, first to purify cells, cell organelles, and biologically active compounds (nucleic acids, proteins, etc) directly from crude samples. Chemically modified nanoparticles (NPs) with general specificity ligands (e.g., streptavidin) and chemically modified nanoparticles with specific recognition groups (e.g., antibodies) are used for the isolation of specific molecules through complementary binding interactions. [19] [20] [21] In the same period, the immobilization of enzymes (as for example, lipase) in magnetic materials has become an interesting approach for the recovery and separation of biocatalysts. 22 Magnetic affinity chromatography also received attention as a separation technique in biotechnology. 20 Magnetic separation using superparamagnetic nanoparticles and hybrid magnetic nanomaterials with organic or inorganic coatings, that can be modified with specific recognition groups, was first applied for cell sorting and separation of biologically active components, but later received attention in other fields of application, such as for heavy metal recovery [23] [24] [25] and catalyst separation. 26 Magnetic separation has several advantages in comparison with other traditional separation techniques as it avoids the use of solvents and other costly consumables, also avoiding mass loss, which is intrinsic to these techniques. Additionally, the target component can be isolated directly from crude samples such as blood, soil, food, or any other complex fluid, which greatly simplifies the separation process as it avoids laborious filtration or centrifugation steps, saving time and energy. High selectivity can be achieved by means of the functionalization of magnetic nanoparticles with specific ligands to target the components of a mixture. The whole separation process can be performed without removing the sample from the flask or container, which greatly simplifies procedures such as repeated washing steps. The performance depends on two key magnetic components, the magnetic NPs and the magnetic field used to separate them. The field is usually generated by permanent magnets or electromagnets. Simple magnet blocks typically generate field gradients in the order of 1-6 T m -1 , and magnet separators with significantly higher field gradients can be designed. 27 In addition, the selection of the magnetic material, shape, size and size distribution of the nanoparticles will significantly affect the end separation results.
Magnetic separations fall into two general types: those in which one or more components to be separated of a mixture are intrinsically magnetic, and those in which they are attached to a magnetically responsive solid. Magnetic separation can be, in principle, used for the recovery of catalysts based on iron, cobalt and nickel and the corresponding oxides, but most of the time, magnetic supports are designed to separate "non-magnetic" catalyst components, such as metal complexes, metal nanoparticles, biocatalysts or organocatalysts (Figure 1 ). The efficiency of the magnetic separation is highly dependent on the quality of the magnetic nanoparticles or nanocomposites and on the stability of the linkage between the magnetic support and the "non-magnetic" component. This, in turn, allows separation of the final product, while the catalyst can be recycled and reused, without removing it from inside of the reactor, which is especially important for the case of air sensitive catalytic systems. Moreover, any possible loss of catalyst due to transfer steps is minimized. In the next section of this work, our efforts on the design of high quality magnetic supports and catalysts are presented.
Advances in the Development of Magnetic Responsive Supports
Iron, cobalt, nickel and their corresponding oxides exhibit intrinsic magnetic properties that can be, in principle, used to separate them with a magnet from liquid phase solutions. However, "non-magnetic" catalyst components must be immobilized in magnetic responsive supports, mostly comprised of magnetic nanoparticles (iron oxides, in particular, magnetite 28 or pure metals, such as cobalt, 29, 30 because their high saturation magnetization) that are used as prepared or coated with organic polymers, carbon or silica. In this coating process, the major challenge is how to control the loading and distribution of superparamagnetic components in the matrix material and to achieve monodispersity of the final product. Any heterogeneity (for example, matrix material without the magnetic core) or polydispersity (various sizes, which means various response to the applied magnetic field) is clearly a disadvantage because it may result in a large difference in response to the applied magnetic field and inefficiency in the separation process.
Coating magnetite with silica
Silica has been the first choice in the design of magnetic supports due to the high stability, versatility to functionalize the surface silanol groups and widespread use in biotechnology and catalysis (mainly as catalyst supports). Although the literature concerning the coating of ferrite nanoparticles with silica is vast and includes different levels of success in the coating process, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] the deposition of a uniform layer of silica individually enclosing each nanoparticle (core-shell type) is not easy to obtain. The first method that our group tested was the basic hydrolysis of tetraethylorthosilicate (TEOS) in ammonia and alcohol, which is a modification of the well-known Stöber method for the synthesis of spherical silica. 48 Magnetite nanoparticles synthesized by the co-precipitation method stabilized with tetramethylammonium hydroxide and the commercial ferrofluid EMG 304 (Ferrotec, Nashua, USA), already described in coating processes, 32 were used as magnetic cores. Regardless the origin of the magnetic particles used, our group was not able to obtain a well-dispersed core-shell material, but ill-defined aggregates of magnetite and silica were obtained instead. Possibly, the main problem of this procedure is the poor stabilization of the colloidal solution after the addition of alcohol and ammonia. It was observed flocculation of magnetic nanoparticles even before addition of TEOS. Using the commercial ferrofluid EMG 304, precipitation occurred after addition of isopropanol, and our group was not successful either. Several attempts were made to find the most appropriate ratio of water and alcohol required for stabilizing a colloidal solution prior to the addition of TEOS, but all have failed. To avoid flocculation of the magnetic nanoparticles in alcohol, it was followed a methodology proposed by Philipse et al. 31 They suggested a pre-coating step in which the magnetic nanoparticles were treated with sodium silicate to change the nanoparticle isoelectric point and to stabilize the colloidal solution under the reaction conditions; thus making it possible to dilute the magnetic nanoparticles in alcohol (ethanol or isopropanol) and ammonia in the required ratio for the condensation of silica without the formation of undesirable precipitates. A set of reactions was carried out at different ratios of magnetite:TEOS. The samples were analyzed by transmission electron microscopy (TEM), which revealed particles in the range of 30-40 nm, with predominance of aggregates in a pearl necklace-like-structure. The material, so obtained, was used in applications that included immobilizing of drugs for biomedical applications, 49 as well as catalysts for magnetic separation. 50 Because it requires high dilution of the coating solution, this method limits the amount of material obtained to hundreds of milligrams in each reaction. In the search for high-quality materials, our group choses to adhere to the literature that shows monodisperse spherical materials obtained with the formulation of microemulsions, where the micelles or reverse micelles act as nanoreatores controlling the spherical morphology. 33, 34, 51, 52 Our first attempt was based on a microemulsion prepared with aqueous solutions of magnetite nanoparticles stabilized with tetramethylammonium hydroxide or sodium silicate added to cyclohexane, TEOS, surfactant (Triton X-100) and cosurfactant (n-hexanol). However, after several hours, a silica rich material with ill-defined morphology precipitated. A formulation with the surfactant AOT (bis (2-ethylhexyl) sodium sulfosuccinate) was tested, but after the addition of ammonia, it also precipitated. Organic solutions of magnetite nanoparticles prepared by co-precipitation and stabilized with oleic acid were used in the formulation of a reverse micellar microemulsion with cyclohexane, TEOS and surfactant (Igepal CO-520) (Figure 2 ), a modification of the method reported by Yi et al. 34 This microemulsion resulted in high-quality nanomaterials with spherical morphology.
The material, named as Fe 3 O 4 @SiO 2 , consists of silica spheres containing one or more magnetic nanoparticles in the core coated with a uniform silica layer of approximately 20 nm, as observed in the TEM images ( Figure 3) . The synthetic procedure could be scaled up to a microemulsion of 2.8 L, from which it was possible to obtain 6-7 g of magnetic support in each reaction, while keeping the high control on the size and core-shell like nanostructure, as obtained before. The magnetic nanocomposite exhibits a saturation magnetization of 9 emu g -1 (total mass of material) at 300 K, which corresponds to 69 emu g -1 of Fe 3 O 4 ( Figure 3 ). This value is very close to the saturation magnetization of the magnetite nanoparticles synthesized by co-precipitation and used in the preparation of the magnetic composite (62 emu g -1 ). 53 The absence of coercivity at 300 K is an important feature of the M-H curve, which confirms that the properties of magnetic nanoparticles after the coating with silica were preserved. The material obtained is far superior in terms of morphology control and particle size than those prepared before and has been applied in our group as a support for a variety of applications in drug delivery, separation of enzymes and catalysts. [53] [54] [55] [56] [57] [58] Another interesting feature is that the thermal stability of the magnetite nanoparticles was increased after the coating with a layer of silica. The pure magnetic nanoparticles loose the magnetic properties after thermal treatment (500 °C, 2 h, air), while the silica-coated magnetite preserved its magnetic properties. Additionally, the core-shell like morphology and mean particle size were preserved, as observed in the images obtained by TEM before and after calcination. The specific surface area increased approximately six times from ca. 20 to 110 m 2 g -1 after calcination (unpublished results). The reverse micellar microemulsion method used to synthesize silica-coated magnetic nanoparticles is very efficient, reproducible, and easy to scale-up, while maintaining a well-defined core-shell like morphology. Nevertheless, this synthesis generates a considerable amount of chemical waste, mainly because of the solvents and the surfactant used. In order to become economically and environmentally sound, our group was concerned about the waste produced. After precipitating the nanoparticles from the microemulsion by addition of methanol, it was obtained a three-phase mixture residue. The upper liquid phase contains cyclohexane as the major component, the intermediate liquid phase contains methanol and the third phase contains a brown solid (mainly, surfactant and iron oxide). Considering the fact that the surfactant increases the solubility of those solvents, and that it is not possible to recover them using simple decantation or distillation (cyclohexane and methanol, boiling points at 64.7 and 80.8 °C, respectively, form an azeotropic mixture, boiling point at 54.2 °C), our group had to find another way to separate those solvents (unpublished results). The upper liquid phase was treated in a very simple way, using distillation techniques. This procedure allowed the separation of pure cyclohexane and methanol. The intermediate liquid phase was distilled, giving a mixture of cyclohexane and methanol free of surfactant. This mixture, on standing, formed a two-phase system, and both phases were redistilled to give pure cyclohexane and methanol. In order to get a still better recovery, the lower phase was placed in a cooling chamber. This allowed again the formation of two-phase system, which could be distilled too. The given procedure allowed the recovery of large quantities of cyclohexane and methanol used in the preparation of our magnetic support. The solvents recovered were already reused showing no difference in the quality of the final material. Our group is still studying a way of purify the surfactant. Separation in silica column gave a viscous material that looks like Igepal CO-520 (nuclear magnetic resonance (NMR), termogravimetric analysis (TGA) and CHN elemental analysis), but further analyses are in progress.
Going beyond silica
Coating magnetic nanoparticles with polymers and silica shell is the most common approach for protection and modification of magnetic cores for biomedical applications;
7,59-61 however, for catalytic applications there are other possibilities that can be even more interesting. 26 The main role of the silica/polymer shell is to prevent any direct contact of the magnetic core with additional reagents to avoid unwanted interactions, such as acidic corrosion or oxidation. The presence of a silica layer facilitates the characterization of metal nanoparticle catalysts (see discussion bellow) and the control of metal dispersion by the means of surface modification with organic functional groups. Silica is pretty stable (except in basic media) and does not show intrinsic catalytic properties. Other inorganic oxides, such as titania, alumina and ceria, have widespread use in catalysis and are not as inert as silica; titania presents photocatalytic activity, alumina has acid sites, and ceria is a redox active support. Carbon is also a good alternative coating for catalytic applications and has been used to prepare cobalt-coated materials with high magnetization, chemical and thermal stability. 29 The graphene layer offers the versatile and reliable attachment of ligand/catalysts by covalent functionalization via C-C bonding, 62 or noncovalent functionalization through p-p stacking interactions with highly aromatic compounds. 63 Iron has also been coated with carbon nanostructures for several different applications as adsorbent, catalyst support and amphiphilic materials for emulsions. 64 Our group has been interested in the development of the magnetite nanoparticles coated with ceria, alumina and titania, however, the coating with these oxides is not so developed as it is for silica. The rate of hydrolysis of Ti(OR) 4 is much higher than the silica precursor TEOS, which makes much more difficult to control the growth of a uniform layer of titania. As an example, the substitution of TEOS by titanium tetraisopropoxide (TTIP) in the reverse microemulsion methodology mentioned for the core-shell magnetite-silica support leads to an immediate precipitation of titania, which means a fast and uncontrolled hydrolysis of the precursor and poor control of magnetite coating. The literature has offered methodologies for the coating of magnetite with titania and also for the post-coating of silica-coated magnetite with titania, however, most of them resulted in poor morphological control and are still far from a core-shell like structure. Alvarez et al. 65 reported a very simple method based on the treatment of an aqueous suspension of magnetite with isopropyl alcohol and then with TTIP. This method resulted in a magnetite-titania composite with poor control of the morphology, although it could be improved when a layer of silica was added before the coating with titania. Following the same principle of using a pre-coating step with silica, Ye et al. 66 reported the preparation of peapod like structures. The authors were able to control the deposition of titania over silica-coated magnetite by adjusting the amount of the titania precursor, tetrabutyltitanate (TnBT), added. They obtained materials with a range of morphologies from spherical shape to peapod like shape, covering the silica-coated magnetite. The direct coating of magnetite with titania was achieved by He et al. 67 using a homogeneous precipitation method, which takes magnetite nanoparticles prepared by coprecipitation, Ti(SO 4 ) 2 and urea as precipitation reagent. Using urea, they controled the slowly release of amonia and then the generation of OH -, and consequently the rate of hydrolysis and condensation of TiO 2 precursor, covering the magnetite nanoparticles homogeneously. Our research group has been working on the development of methodologies for the direct coating of magnetic nanoparticles or post-coating of silica-coated magnetic nanoparticles with titania by means of a microemulsion, obtaining so far promising results. The thermal stability of the silica-coated material above-mentioned allows the deposition of crystalline titania and ceria by methodologies that include calcination steps.
Development of Magnetically Recoverable Metal Nanoparticle Catalysts
The catalytic properties of metal nanoparticles have attracted great attention over the past two decades as they Vol. 23, No. 11, 2012 can be prepared with high control on particle size and size distribution through reproducible syntheses in contrast to traditional colloids that are typically larger, polydisperse and with irreproducible catalytic activities. 68 However, metal NPs have low stability against agglomeration since the bulk metal is the thermodynamic minimum, and therefore organic ligands, surfactants, polymers or inorganic coatings are employed to stop the particle growth process, control the size of NPs and keep them stable by steric or electrostatic stabilization. [69] [70] [71] These ligands, however, may stabilize the metal NPs in the same phase as the reactants, making it difficult to separate the catalysts. Strategies to facilitate NPs separation include decantation by using biphasic systems, such as the biphasic system water/organic solvent [72] [73] [74] or two-phase system with ionic liquids, [75] [76] [77] and filtration or centrifugation by the immobilization of NPs on organic or inorganic supports. Magnetic separation can be an alternative to the recovery of metal NPs immobilized onto magnetic supports, as recently reviewed. 28 In general, NP catalysts supported on solids exhibit higher catalytic activities than the same NPs applied in biphasic systems. 78, 79 Our research group has used magnetic NPs as supports for catalysts of this type, especially to overcome the difficulty of filtering colloidal nanoparticle solutions.
Palladium catalysts
Pd NPs were prepared by hydrogen reduction of metal precursors (PdCl 4 2-, Pd(OAc) 2 or Pd 2 (dba) 3 ) loaded on different magnetic supports by impregnation with excess of solution. This impregnation method allows the loading and distribution of the species to be well-controlled. The method best works if the metal to solid interactions are improved, as for example, by functionalizing the support surface for coordination capture of metal ions (main strategy used by us, as recently reviewed) 80 or pH changes for electrostatic attraction of metal ions to the support.
Our first magnetically recoverable Pd nanoparticle catalyst was prepared directly on the surface of iron oxide nanoparticles functionalized with 3-mercaptopropionic acid, 81 and other examples were obtained using iron oxide nanoparticles functionalized with organo-trialkoxysilanes (unpublished results). Pd NP catalysts were also prepared using magnetic iron oxide nanoparticles coated with silica by the modified sol-gel method, 50 or by the reverse micellar microemulsion method discussed above. 51 Using the silica-coated magnetic support, our group obtained Pd NP catalysts with excellent catalytic properties in hydrogenation of olefins, higher than Pd/C, with the advantage of being fully recovered at the end of the reactions using a permanent magnet (negligible metal leaching) and reused in subsequent reactions. The presence of the silica layer, which has a lower contrast in the transmission electron microscope than magnetite and metal nanoparticles, allowed the clear visualization of Pd NPs. The Pd NPs were not easily observed when deposited directly on iron oxides. The catalytic activity of this new catalyst was higher than that prepared in pure magnetite, reaching turnover numbers as high as 100000 moles of cyclohexene converted per mole of catalyst (75 o C, 6 atm H 2 ). Inasmuch supported Pd NPs of different sizes were prepared on the surface of the silicacoated magnetic support functionalized with different organo-trialkoxysilanes. 56 Amine and ethylenediamine groups grafted on the surface of the silica support assisted the preparation of magnetically recoverable Pd NPs of ca. 6 and ca. 1 nm, respectively (Figures 4a and 4b) , which is significantly different from the metal aggregates obtained when using non-functionalized surfaces (Figure 4c ). The size of the metal NPs was tuned by changing the functional group grafted on the silica surface, which also resulted in distinct catalytic activities in hydrogenation reactions. The catalyst comprised of small Pd NPs (ca. 1 nm) is less active in the hydrogenation of cyclohexene (turnover frequency 800 h -1 , deactivates completely after the fourth recycle of 2500 turnovers each) than the catalyst comprised of ca. 6 nm Pd NPs (turnover frequency 5500 h -1 , active up to 20 successive runs of 2500 turnovers each or 50,000 mol mol -1 Pd) under similar reaction conditions (75 °C, 6 atm H 2 ). The small size particles appear to have been poisoned, which can be suggested as a consequence of the high affinity of small curved particles for ligands, so that, they are not able to dissociate as required to maintain the catalytic cycles. The Pd catalyst prepared in the amino-functionalized support was also used in catalytic hydrodechlorination reaction (HDC), which has received wide attention as a method for treating organic waste more efficient than incineration. This is especially important for chlorinated aromatic compound, because it prevents the formation of potentially toxic species such as dioxins and furans. HDC reaction of chlorobenzene was satisfactory with > 99% conversion in NaOH/water or alcohols and Et 3 N/water or buffered medium. 82 In order to better understand the influence of the ligands grafted on the support surfaces, our group performed an experiment in which pre-formed Pd NPs were deposited on silica supports functionalized with amine and ethylenediamine groups (unpublished results). A great influence on the reaction rates depending on the functional group grafted on the surface of the support was observed, even though the Pd NPs have the same size (prepared in the same batch). The catalytic activity of the Pd NPs supported on amine-functionalized silica (turnover frequency, TOF = 50,000 h -1 ) is 25 times higher than activity of the Pd NPs supported on ethylenediaminefunctionalized silica (TOF = 2000 h -1 ) in cyclohexene hydrogenation under similar conditions. Therefore, the ethylenediamine ligand has a strong deactivating effect on the Pd NPs, suggesting a preferential interaction with the active sites of the Pd NPs when compared with amine groups. These results demonstrate that the same challenges to catalytic applications of colloidal NPs, also called "soluble nanoparticles", may also exist to supported NPs. Undoubtedly, the deposition of pre-formed colloidal NPs on a support is an excellent method to prepare supported metal NPs of controlled size and shape, the same control is usually not possible by the direct deposition of metal salts followed by reduction. However, the organic molecules, polymers and surfactants that are necessary to control the particles growth and protect them against agglomeration, may also block the active sites for surface catalysis. The selective poisoning of metal surface atoms is not always detrimental, and it can be used as a strategy to prepare selective catalysts.
We synthesized a catalytic system based on Pd NPs stabilized by an iminophosphine ligand grafted on the support surface for C-C coupling reactions ( Figure 5 ). The catalysts was prepared using an amino-functionalized support that was reacted with a complex containing free aldehyde groups [Pd(OAc) 2 (oPCHO) 2 ] (oPCHO = 2-(diphenylphosphino) benzaldehyde), which allowed the complex to be covalently attached to the support by means of an imine bond formation. The Pd-iminophosphine complex was thermally decomposed to form supported Pd NPs, while leaving uncoordinated phosphine groups covalently bound to the support, as confirmed by solid state NMR studies. The Pd NP-iminophosphine system was more efficient in the Suzuki coupling reaction than the catalyst prepared with the amine-functionalized support. The catalyst could be reused in 10 successive reaction cycles before showing signs of deactivation, without addition of excess of phosphine. 83 
Rhodium, platinum and iridium catalysts
Our group extended the use of silica-coated magnetite with surfaces functionalized with amino groups, obtained by reaction of the silica surface with 3-aminopropyltriethoxysilane, to the synthesis of various magnetically recoverable metal NPs. In several examples studied, the amount of metal ions loaded on the support was always higher in the functionalized silica by at least 10 times the amount loaded on non-functionalized silica. 74 This behavior was observed for Rh(III), Pt(II) and Ir(III) salts. The metallic precursors loaded on the silica-coated magnetic support previously modified with amine groups were reduced with hydrogen under mild conditions (typically 6 atm H 2 and 75-100 °C), resulting in nearly 2-5 nm supported metal NPs (Figure 6 ). Magnetically recoverable rhodium NPs, 54 platinum NPs 55 and iridium NPs 84 were prepared. The Rh NP catalyst is highly active with turnover frequencies as high as 40000 and 1100 h -1 in the hydrogenation of cyclohexene and benzene at 75 °C and 6 atm H 2 , respectively, and could be reused up to 20 times in the hydrogenation of cyclohexene (180000 mol mol -1 Rh) and benzene (11550 mol mol -1 Rh) without metal leaching to the organic phase (confirmed by ICP OES). This same catalyst has shown very interesting catalytic activities in the liquid hydrogenation of polycyclic aromatic hydrocarbons. 57 The Pt NP catalyst is highly active in the hydrogenation of ketones, alkenes and arenes. The substrates were converted to the fully hydrogenated form, but partially hydrogenated products were also isolated by stopping the reaction at the time indicated by the hydrogen profile of the hydrogenation curve (e.g., ethylbenzene was isolated with 98.9% selectivity during hydrogenation of styrene). The catalyst could be reused for up to 14 successive reactions (15600 mol mol -1 Pt) without deactivation. The Ir NP catalyst is highly active when compared to the literature with turnover frequencies as high as 6000 h -1 (hydrogenation of cyclohexene at 100 °C and 6 atm H 2 ). The reaction could be repeated for up to six times giving > 99% conversion and an accumulated turnover number of 12600 mol of substrate converted per mol of catalyst without catalyst deactivation.
Ruthenium catalysts
Magnetically recoverable Ru NPs were prepared by NaBH 4 reduction of Ru 3+ loaded into a silica-coated magnetic support previously modified with amine groups. 53 The catalyst was found to be active in both forms, Ru(III) and Ru(0), in the selective oxidation of alcohols and hydrogenation of alkenes, respectively. Aryl and alkyl alcohols were converted into aldehydes under mild conditions, with negligible metal leaching. If the metal was properly reduced, Ru(0) NPs were obtained (Figure 6 ), and the catalyst became active for hydrogenation reactions. A magnetically recoverable catalysts based on Ru(OH)x was prepared by impregnation of Ru 3+ ions on the silica-coated magnetic support previously modified with amine groups followed by treatment with sodium hydroxide to form ruthenium hydroxide species. 85 The catalyst was used in the selective aerobic oxidation of alcohols, including terpenes, to the corresponding aldehydes. Various carbonylic monoterpenoids important for fragrance and pharmaceutical industries could be obtained in good to excellent yields starting from biomass-based monoterpenic alcohols, such as isoborneol, perillyl alcohol, carveol and citronellol.
Nickel and cobalt catalysts
Nickel and cobalt NPs, in addition to their intrinsic magnetic properties, have been immobilized on the magnetic support to improve the magnetic separation in catalytic reactions (the magnetic separation of the same catalyst immobilized in silica, containing 1-2 wt.% of nickel or cobalt, was not efficient). The synthesis of Ni NPs usually requires the use of strong reducing and protective agents that modify the metal surfaces and may have a detrimental effect on the catalytic properties of the NPs. If the metal oxidation occurs, harsh reaction conditions are required for nickel oxide reduction back to the most active Ni(0) form. In this context, an organometallic approach has offered an excellent route for the synthesis of Ni NPs. The olefinic ligands of the organometallic precursor are reduced, and the naked atoms condense, producing metal NPs with clean and unoxidized metal surfaces. Our group has prepared a robust, oxidation-resistant and very active nickel catalyst by controlled decomposition of the organometallic precursor [bis(1,5-cyclooctadiene)nickel(0)], Ni(COD) 2 over the silica-coated magnetite support. 86 The sample is mostly Ni(0) and only partial surface oxidation could be detected after storage in air (X-ray absorption near edge structure (XANES) and X-ray photoelectron spectroscopy (XPS) results), but the catalytic results indicate that these oxidized nickel species can be reduced back to the Ni(0) active catalyst under mild hydrogenation reaction conditions (1 bar of H 2 and 75 °C), in contrast with NiO bulk that is nonreactive under these conditions. The catalyst exhibited very promising activity in the hydrogenation of cyclohexene converting 4500 mol substrate per mole of catalyst (15 recycles without deactivation, TOF up to 1500 h -1 ) under the conditions studied (75 o C and 6 atm H 2 ). Metal leaching was not detected in the products (inductively coupled plasma optical emission spectrometry, ICP OES, Ni < 0.01 ppm), demonstrating the efficiency of magnetic separation. For comparison, the widely used Raney nickel catalyst was tested in the hydrogenation of cyclohexene under similar conditions (0.33 mol% of Ni, 75 °C and 6 bar H 2 ), but only 29% conversion was reached after 48 h of reaction, which means that Raney Ni was also not activated in the reaction conditions. An important feature of the Ni catalyst prepared from the organometallic precursor is that it can be activated in situ in the hydrogenation reaction under very mild condition.
A magnetically recoverable cobalt catalyst was prepared as CoO NPs by impregnation of Co 3+ salt in basic media on silica-coated magnetic support previously modified with amine groups. 87 The catalyst exhibited interesting properties in the oxidation of cyclohexene, as for example, high selectivity to the allylic oxidation product. It was also observed that CoO is the most active species when compared to Co 2+ , Co 3 O 4 and Fe 3 O 4 in the catalytic conditions studied.
Gold catalysts
Magnetically recoverable Au NP catalysts were prepared by reduction of gold ions that were impregnated on silicacoated magnetic support previously modified with amine groups. 58 The Au NPs were prepared by thermal reduction in air and by hydrogen reduction at mild temperatures of the gold species attached to the magnetic support. Interestingly, the mean particle size of the supported Au NPs was similar, ca. 5.9 nm, but the polydispersion of the nanoparticle size and the catalytic performance in oxidation of alcohols significantly changed. The catalyst reduced by hydrogen exhibited a narrow particle size distribution and was the most active in the oxidation of benzyl alcohol under milder conditions (100% conversion at 3 atm O 2 compared with only 10% conversion of the catalyst prepared by thermal reduction). Impregnation studies with gold ions have shown very low affinity of gold(III) ions to silica surfaces, and an enhanced interaction was favored by coordination of gold ions to amine groups grafted on the functionalized silica surfaces. 88 Non-functionalized and amine-functionalized silica supports were loaded with Au 3+ precursor and the intermediate species were characterized by XANES. The non-functionalized solid was prepared by wetness impregnation in such a way that both solids contained the same amount of gold. The comparison of XANES spectra obtained from the material with and without functionalization, and the standards Au 0 and Au 3+ , have shown that the white line intensity of gold loaded on amine-functionalized silica decreased relative to the Au 3+ standard, indicating a partial reduction of the gold ions. This behavior indicated a strong interaction between the amine groups and the gold ion thus causing a change in the coordination environment and oxidation state of the metal. The non-functionalized support has an intermediate white line intensity, which suggests a weak interaction with the oxygenated species on silica surfaces. After reduction of gold, the non-functionalized support contained only NPs that were not attached to the support, indicating the weak interaction with the silanol groups. In the case of aminefunctionalized support, the NPs formed were exclusively deposited on the support.
All the NP-supported catalyst mentioned here could be isolated and recycled with the assistance of an external magnet, which greatly simplifies the workup procedure, and purification of products, minimizing the use of solvents, costly consumables, energy and time.
Final Remarks
In recent years, our group has been studying the preparation of high quality superparamagnetic catalyst supports. It has been used reverse micellar microemulsion systems to prepare a core-shell type composite of magnetic nanoparticles spherically coated with silica. The material obtained exhibits excellent magnetic properties and have been used as a support for monometallic, bimetallic or metal oxide NPs. The magnetic separation has been successfully applied in the recovery of high performance catalysts used in different reaction media, such as in reductions, oxidation, C-C coupling, to name a few reactions under study. Magnetic separation is an environmentally friendly alternative for the separation and recovery of catalysts since it minimizes the use of solvents and auxiliary materials, operating time, catalysts loss (prevents mass loss and oxidation) and energy. The unique combination of superparamagnetic nanoparticles and catalytic active species (metal complexes, metal nanoparticles, enzymes, organocatalysts, etc.) opens the opportunity to solve a range of catalyst recovery problems to which no other filtration technique is easily applicable. Magnetic separation applied in biotechnology dated back to the 1970's, but it has only received attention in the field of catalysis after 2005 (< 5 articles per year before 2004 increased to >50 articles per year in 2011 containing the words "magnetic* and separation and catalyst" in the Web of Science, accessed in September 16 th , 2012). In most of the examples in the literature, the advantages of using magnetic materials as supports has been applied for the separation of homogeneous catalysts and their applications in organic synthesis. Moreover, our group is not aware of the use of magnetic separation in industrial reactors for the recovery of "non-magnetic" active phases supported on magnetic solids. An interesting recent example in the scientific literature shows the design of a tubular reactor containing a rotating magnetic field which holds the nanoparticles containing the catalyst phase under stirring and suspended in a liquid column for continuous flow reactions. 89 Synthesis scale up of superparamagnetic supports and the design of reactors with magnetic separation in batch or continuous flow mode need more attention for further development in the field. Besides the development of magnetic supports, our group has been studying the stability of metal-support interactions, control of metal leaching, reaction conditions and methods of reducing metal precursors, and the functionalization of supports with different organic ligands as a strategy to improve the formation of supported metal nanoparticles with well-defined size and firmly attached to the support. Our research group has contributed to the training of personnel and generation of original contributions in the international literature in the area of magnetic nanomaterials and nanocatalysis.
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